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Abstract. Since launch in February 1996 the Pdlatel-
lite has made numerous traversals of hifgh latitude day-
side magnetosphere. These traversals baveredthe high
altitude regions of the low latitudeoundary layer (LLBL),
cusp, cleft, mantle and polar cap. Often, as the Paiel-
lite traversesthe high latitude dayside magnetosphere it
leaves the soft precipitation region of the cusp or cleft and
enters into the mantle plasma. There, @hgular distribu-
tion of 1 to 10keV ions changescharacterfrom a con-
vecting near isotropic one to convectingredominantly
perpendiculafons thatare weakly upflowing. Sometimes
the predominantly perpendicular fluxes of iare observed
throughout the cusp, cleft, and manfidese'trapped’ ion
signaturesare relatively commonand the energy of the
‘trapped’ ions is generally< 10 keV. Theenergy of the
most poleward ‘trapped’population generally decreases
with increasing latitude as igxpectedfor the mantle
plasma. Theaangular distributions of thelownwardgoing
<10 keV ions have large ‘losones’ indicative of aela-
tively weak mirror geometry in the magnetfield at high
altitudes. The mantle ion fluxesbserved onPolar show
much the same flows, distributions, and spatfaracteris-
tics as those observed on HEG®§enbauer et gl1975].
The composition of the ions at > 1 keV/gpiedominantly
solar wind as expected.

1. Introduction

The cusp is generallgonsidered to bepopulated by
magnetosheath plasma of sokénd origin, on opermag-
netic field lines. The lowenergycusp ionsare observed to
extend poleward of the higher energy ions giving rise to an
energy dispersion signature @tandardenergy-timespec-
trograms Rosenbauer et gl.1975; Reiff, et al, 1977;
Lockwood et a).1996]. Thisdispersion is a result of the
ion time-of-flight effects on polewardconvecting flux
tubes. The low energy ions take longerrgachtheir mir-
ror points from their highaltitude entrypoint in thecusp
than do the higher energy ioasdthus theyare convected

further poleward during their transit. Thus, a satetiitess-
ing from low to high latitudes through the cusp in the
noon-midnight meridian observes alecreasewith time
(latitude) inthe maximumenergy ofthe ions.Separately,
theremay exist a relative magnetiatensity maximum
along the particle’s trajectorlyetweenits entry point and
its mirror point. Such maxima may be sufficientraflect

a fraction of the upward moving component of the dlis1
tribution back to lower altitudes, subsequently trapping
some of the ions between two mirror points ahagnetic
"bottle”. For example, ions with a local pitch angle >80
the Polar satellite altitudes may form a temporaraypped
population if a localfield minimum exists at Polaalti-
tudes. A signature of such trapping would be the formation
of ion pitch angle distributions with relativelgirge "loss
cones" and peak flux intensities neaf @itch angle. Such
angular distributions can also form agansequence of the
reconnection process by whithe ionsare injectedalong
cuspfield lines thatarealsorapidly convectingpoleward.
The combination of a strong convection velodinyd the
initial field aligned earthward ion velocity converts, via the
mirror force, to a nearlperpendiculaion flux at high po-
lar latitudes with golewardvelocity component at Polar
altitudes. These ions would also show a dominantly upward
flow well poleward of the cusp/LLBIboundary (Lockwood

et al. 1996). These signaturaisdthe ion composition are
used to identify the mantle population. dddition, we ex-
aminedthe low energy electrorpopulation which is not
discussed here.

2. Instrumentation

For this study weused particle measurements from
multiple instruments from the Polar satellite to look for
the mantle ion signatures. Polar is in an approximately 2
9 R: orbit at ~88 inclination with an orbital period of ~18
hours. Weused datdrom the MICS (Magnetospheric lon
Composition Sensor) whichmeasureson fluxes in the
energy rangd - 400 keV/q and providesboth ion mass
andchargestate identification\\Vilken, et al. 1990]. The

MIT Center for Theoretical Geo/Cosmo Plasma Physics, Cambridge, MA



W7 L i
Ac 50 6.6
A .4 M2
MLT 106 .o

May 15, 1997

[ e g

ESVIOeE 4§

1 11
1.5 .1
an4 83.7
& 124

Figure 1. Energy-time and pitch angle spectrograms of ionsMaty 15, 1997for 0730 - 1130UT. Panel[A] shows thespin
averaged energy-time spectrogram from the MICS total ion or DCR channel. Panel [B] shows the 1-10 ké&wénsity in each
of 32 pitch angle bins for the data in panel [A]. Panel [C] shows the >10 keV/q ion pitch angle distributions . The pitclowangle
erage was not complete between 0806 UT and ~0850 UT, as is indicated by the dark patches in panels [B] and,[C§Geand

36C°. The vertical solid and dashed lines indicate the initial transition to mantle fluxes, a sudden change in the iomndetisity

transition from mantle to polar cap respectively (see text).

MICS sensor is mounted with its field of vigwerpendicu-
lar to the Polar spin axis. Its pitch an@geverage is com-
plete only when the angleetween Bandthe spin axis is
90°, otherwise MICS cannot view along the magnééic
direction. We used data from the TIMAS sens®h¢glley et
al., 1995], whichcoversessentially #t ster and measures
the ion composition below 30 keV/q, to examine thla-
tionship betweenthe bulk plasmaparametersand the
MICS observationgor one case. We alsosed datgfrom
the Hydra cudder et al 1995] plasma experiment to help
identify the plasma regions.

3. Observations

The MICS compositiormeasurementsvere used to
identify the cusp byooking for intense higlthargestate
ion fluxescorresponding tosolar wind like chargestates
with emphases on thel0 keV He* and G* ions. Each
cusptraversal washen examinedfor the existence of >1
keV ions with the expectedmantle signaturesliscussed
above. Thalataexaminedcoveredthe period from March
10, 1996 through May 1997. Mantle ion signatunese
observed during-70 traversals of thhigh latitude regions
in the neighborhoodand poleward othe cuspduring this
period. We present beloiwo examples ofcusp-mantle
traversals from Mayl4-15, 1997and provide some pre-
liminary statistics on their occurrence in the Palataset.
All the observations that will bdiscussed wergaken in
the northern hemisphere at altitudes above .5 R

3.1 May 15, 1997 mantle observations

The first example of a cusgind mantle traversal that
occurred onMay 15, 1997. ispresented inFigure 1 in
summary form. Fig.1-[A] shows a total iorenergy-time
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Figure 2. Total ion energy fluxdistributions invelocity
space for the four timentervals 0930 (paneh), 0954 (panel

b), 1014 (panel ¢) and 1031 UT (panel d) respectively for May

15, 1997.These correspond to tHeur markers (a), (b), (c)
and (d) in Fig. 1. Vis positive poleward perpendicular tB
and \, is positive earthward parallel ®.

spectrogram covering thenergy rangdrom 1-200 keV/q.
It also shows that Polar was exiting tHaysideplasma
sheetnear 10MLT andentering theLLBL andcuspfrom
0755-0810 UT.Fig. 1-[B] and 1-[C] present theangular
distributions for 1-10keV/q and >10 keV/q ions respec-
tively. Fig. 1-[C] shows that MICSobserved normal
plasma sheet angular distributionsth weak loss cones
prior to 0800 UT.Between0805 UT and 0855 UT the
magnetic field was not perpendicular to the Pslfgin axis
andMICS did not obtain complete pitch angt®verage.
After 0900 UT MICS did obtain complete angullistribu-



tions. What is clear in Fig. 1-[B] is that, as Pdiaversed
the polewardedge ofthe cuspandmoved towardhe polar
cap, the 1-10 keMon distributionswere highly peaked
almost perpendicular tathe local magnetidield with a
weaker secondarpeak near 180 pitch angle. Between
~0950 and 1040 UT, there is little or no ion flokserved
beyond 96+34° (or 270+34°). Between 0830 UT and 0950
UT these highlypeakeddistributionsappeared td'sit" on
top of a nearly isotropic component. The maximemnergy
of the ions decreases (see FigA]) as Polar moved pole-
ward andthe 1-10keV/qion intensity decreasedPolar fi-
nally exited the plasma mantle near 1040 UT.

MICS DCR May 15, 1997 ~ 0954 UT

400

—e—1.015 keV/q
--3e--1.349 keViq
—m— 1.794 keViq
——---2.38 keV/q
——3.17 keViq

350 |

300 |
250 |

200 |

Counts/sec

150 [
100 [

50 [

270

Pitch Angle, deg

Figure 3. Line plots ofthe mantle ion anguladistributions

for ~0954 UT onMay 15, 1997. These anguladistributions
were taken at point (b) in Fig. 1 and correspond to panel (b) in
Fig. 2.

Each ofthe vertical lines inFig. 1 corresponds to a
significant change inthe plasma, especially thengular
distributions and density. For example, the Timasden
sities (not shown) exhibitramatic drops nea®d947 UT
(primarily in the He ionsandhigherenergy H) and 1039
UT (all ions and energies). Duringthis May 15, 1997
cusp/mantle crossing the cusp ion fluwees very intense
andvery energeticThis event is one of th€EP (Cusp
Energetic Particle) eventliscussed byChen et al. (1997;
1998) and Chang et al.(1988). We will nadiscussthis

aspect of the cusp/mantle traversal here and instead refer th

reader to the referenced papers .

As notedabove, the angular distributions of thelO
keV/q ions in Fig. 1-[B] appear to be hightpnstrained to
pitch angles near 9@uring the 0930 to 1040 UT interval.
This is shown more clearly in Figure 2 which presents ion
velocity spaceplots atfour different times and Figure 3
wherethe ion pitch angle distributions, takewar 0954
UT, are plotted for several energie§.he velocity space
plots show the strongonfinement of the ions tmear
V4~0 as indicated byheir broadextent in \{, but narrow
extent in \. Initially there is asignificant upflowing
component of the >keV/qion energyflux (seeFig. 2a)
which slowly dies away (ref. Figs. 2b and 2c) until it is no

longer observable by020 UT (seeFig. 1-[B]). Fig. 2d
shows what the velocity space distribution looked hker
these upflowing field-aligned >1 keV/q ions disappeared.

Figure 3 showsletailedangular distributions of some
of the ions from Fig 2tandmakes obvious théact that
the bulk of the >1 keV/q ions are moving upward along the
field lines and tailward. This is demonstrated byhe fact
that the intensitypeaks inFig. 3 are inthe 90-27C° half
plane where 90corresponds tahe poleward directiorper-
pendicular td. The narrowness of the angular distribution
after 0950 UTindicatesthat the mirror ratio, the ratio of
the mirroring field intensity B to the local magnetitield
intensity Bfor these particles witlarge pitch angles, is
low (By/B < 1.5).

The intensity difference betweenthe ions with pitch
anglesnear 108 andthosenear 255 is a consequence of
the poleward convection (s€égure 4 below)Fig. 3 also
clearly shows a relativgpeak inthe angular distributions
near 180 at the lowest energies. Thigward going low
energy field alignedcomponentdisappearsmore quickly
with latitude than thenear perpendiculacomponent as
shown in Figs. land 2.Thereal curiosity is thefact that
the relative peak near 186xists. One would havexpected
the peakion intensitiesnear 103 and 255 to monatomi-
cally decrease towards 180
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Figure 4 Phase space density perpendicular to rttagnetic
efield near the noon-midnight meridian. The average ion veloc-
ity derived from the data is ~ 22 km/sec poleward.

Figure 4 shows the total igophase space densiper-
pendicular toB near1015 UT (seeFig. 2c) for the >1
keV/q ions. Theaverage driftvelocity derived from this
distribution is <\{> ~ +22 km/sec, where +Ms tailward.
This can becomparedwith a simultaneous estimataade
using the <30keV/q H" measurements from Timas (not
shown) of <\{> ~ +24 km/sec. This isery goodagree-
ment. Similarly, if the MICSdata is used testimate the
average ion velocity parallel to the magndigtd one ob-
tains <\{> ~ -300 km/sec which seems much toigh.
The Timas estimate is ¥ ~ -30 km/sec. Theegative
sign indicates the flow is anti-parallelBo The large value
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Figure 6. HYDRA ion spectrogram for May 14, 1997. The inset diagrams show the phase space dewsibcity space with a
velocity range o800 km/sec. +Y (parallel toB) is indicated by the arrows.

of <V,> obtainedfrom the MICSdataresultsbecause the  groundwhile the anti-field alignedcomponent was well
field aligned component of the MICS ion flux was at back- above backgroundThe lowerenergy coverage offimas

allows it to make a more accurate @estimate.



3.2 May 14, 1997 mantle observations

Our second example of a cusp and mantle traversal was

taken on Mayl4, 1997and is summarized inFigure 5.
The format of Fig. 5 is identical to that of Fig. 1. Here one

3.4 Mantle statistics

The seasonalependence ofhe Polar mantle plasma
observations by the MICS sensareshown in Figure 7.
Essentially mantle ions were not observed by MH@Eng

sees that the cusp fluxes were observed in a narrow range ofthe winter. Why is this? Basically, the Polar satellite was

latitudes near 1500 UT. Fig. 5-[C] shows that ealergetic

not in the appropriateposition to observe the mantle

ions (>10 keV/q) disappeared at the low latitude edge of the plasmaduring the winter. The insetliagram atthe top of

cusp. Just prior to entering the cusp MI©Bserved bi-
directional field aligned beams neb449-1500 UT. The 1-
10 keV/gions in the cuspwere flowing earthwardnear
1501-1506 UT. As Polamoved poleward ofhe cusp the
angular distributiondbecame generallypflowing starting
near 1507 UT with little or no down-goirftux near1520
UT. The 1-10keV/q ions were sporadidrom 1530-1640
UT. From 1640-1755 UT mantle ion distributiomgere
observed except for short intervalnear1658 UTwhere a
burst ofearthwardflowing ions wasobserved.The earth-
ward burst may have been a temporary recontétt cusp
plasma. The mantle ion distributions were much like those
observed on May 15, 1997 in Fig. 2c and 2d.

The Polar/Hydra instrumenS¢udder et aJ.1995) ob-
served the plasma ions during the whpégiod from 1500-
1800 UT as shown in Figure 6. It is clear that whbaked
like a disconnected mantle region fig. 5was anartifact
of the MICS ~1keV/q energythreshold. The 1530-1640
UT region where MICS saw vetittle flux of 1-10 keV/q
ions was a region of low intensity <deV/q ions. The
insets at the top of Fig. &rephase space density , f(v),
plots taken at the times indicated by the lideswvn to top
of the spectrogram. Tharrow to the right in eachinset
indicatesthe field line direction. Inset 1 showv) in the
cusp proper where the ions are flowing earthward parallel to
B. Inset 3 shows the beginning of the upflowing mantle
plasma. These upward flowing mantle iargalso shown
in Insets 5and 6where theravereessentially no ions in
the +V direction. TheMICS velocity spacedistributions
(not shown) are entirely consistent with those from Hydra.

3.3 Mixed cusp/mantle signhatures

There werecusp/cleft crossingarhereinthe ion angu-
lar distributionswere much like those of Figs. and 3
interspersedvith cusp distributions much like those of
Inset 1 in Fig. 6 throughout the traversal. One sexdm-
ple was published in a study of the May 29, 1996 magnetic
cloud event byGrande et al.(1997). In that event (not
shown) the >1keV/qion angular distributionsvere much
like those of Fig. 2dandFig. 3 even at energies20 keV
as observed bthe CEPPAD IPSenergeticproton meas-
urements (refFig. 4 of Grande et al. 1997). During the
May 29, 1996 event, as the magndigtd changeddirec-
tion the ion angular distributions went baad forth from
convecting nearlyield aligneddistributions like those of
Inset 1 in Fig. 6 to convecting highperpendicular distri-
butions like those of Fig2d. During the May 29, 1996
event there was NOT a slogecrease irthe maximum ion
energy as thesatellite moved polewardThis may have
resulted because the solar wind pressure higts and vari-
able and Polar was moving significantly in local time
(from pre- to post-noon) during the crossing.

Fig. 7 describeghe orbital geometry. Polar is indawn-
dusk orbit in the summeiand winter periodsand in the
noon-midnight plane in the sprirapdfall. The combina-
tion of Polar’s 86 inclination and the seasonal tilt angle of
the geomagnetic dipole relative to the earthdsum com-
bines to put the polar satellipoleward ofthe mantle re-
gion during the winter but crossing the mantle region in
spring through fall.
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Figure 7. Occurrence ofmantle observationswith time of
year as observed by MICS on Polar using > 1 keV/q ions.

Figure 8 shows where mantle plasma whserved in
MLT andlInvariant Latitude. Théndividual line segments
delineatethe trajectory of thePolar spacecraft during the
periods mantle ions were observed. The length of the lines
reflects the duration and latitudinal-lodahe extent of the
events. The majority of the mantle observatioosurred
for 80° <A\ < 87 andthey occurredwithin threehours of
the noon-midnight meridianThis is generally consistent



with previous observations of the mantle (see discussion inandMay 15, 1997.These features ar¢he nearlyperpen-

Haerendel, and PaschmantB82,Newell et al, 1991, and
Sandahl et aJ 1997).

Position of MICS Mantle lon Observations
March 10, 1996 - May 31, 1997
12

VA NN

0
MLT

Figure 8. Position of Polar/MICS mantle observations in
Invariant Latitude and MLT.

4. Discussion

The examples we hawhowndifferentiatethe plasma

dicular toB ion fluxes that are upflowingndthat are gen-
erally observed athe polewardportion of the cusp and
more generallypoleward ofthe cusp itself. The ions with
these angular distribution signatunemst oftenhave an
obviously lower density than do the cusms, asinferred
from the observedion intensitiesover the MICS energy
range. Theenergy ofthe mantle ionsrarely exceeds 10
keV, even during CEROhen et gl 1997; 1998and Chang
et al, 1998) events and are usually constrained to < 5 keV.
In the future wewill performdetailedexamination of the
composition aspects of the mantle ions.
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